The rheological, morphological and mechanical properties of LLDPE/PS blends with a combined catalyst, Me 3 SiCl and InCl 3 ·4H 2 O, were studied in this work. The higher complex viscosity and storage modulus at low frequency were ascribed to the presence of graft copolymers, which were in situ formed during the mixing process. From the rheological experiments, the complex viscosity and storage modulus of reactive blends were higher than the physical blends. The dispersion of LLDPE particles of reactive blending becomes finer than that of physical blends, consistent with the rheological results. As a result of increased compatibility between LLDPE/PS, the mechanical properties of reactive blends show much higher tensile and Izod impact strength than those of physical blends.
Introduction
It is well established that simple blends of two immiscible polymers, such as polyethylene and polystyrene, usually have large discrete dispersed phases and weak interfacial adhesion, resulting in poor mechanical properties. Therefore, a compatibilizer is required to enhance the interfacial adhesion between the phases. [1] A possible compatibilization strategy is the addition of a pre-made block or graft copolymer composed of the blocks, which are miscible with the component polymers or the component polymers themselves. [2] Instead of that, reactive compatibilization could form copolymers in situ during the melt blending process if the constituent polymers contain certain functional groups. Since the reaction of functional groups occurs at the interfaces, the in situ formed copolymers tend to stay at the interface, providing a better compatibilization effect. [3] Reactive compabilization of polystyrene and polyethylene blends has been the subject of considerable research and development in recent decades [4] . A convenient route to reactive compatibilization of PS/PE blends is the use of the Friedel-Crafts alkylation reaction (F-C reaction) in the melt. The performance of the formed copolymer as a compatibilizer depends on its concentration and architecture (length and frequency of the PE hairs and length of PS) [5] [6] [7] [8] [9] [10] [11] [12] .
Since other Lewis acids cannot catalyze the reaction between the homopolymers, up to now, nearly all the F-C type in-situ compatibilization of PE, PS chose aluminum chloride as catalyst. Baker et. al. had tested five different Lewis acids, but only AlCl 3 could catalyse the reaction effectively. [11] Except that, no further attempt for searching other catalyst was carried on. The defects of AlCl 3 as catalyst are mainly: (1) the sensitivity to humidity and (2) the degradation side reaction on the homopolymers, especially on PS phase [6] .
In recent years, many new and environmental friendly Lewis acids appeared, among which silicon Lewis acids were paid much more attention [13] . On the other hand, indium Lewis acids, as medium, water-stable Lewis acid, is always chosen to behave as selective and recoverable catalysts in the organic synthesis [14, 15] .
Baba et al. reported several indium-catalyzed reactions such as reductive FriedelCrafts reaction. [16] After that they found a remarkable enhancement of Lewis acidity of this InCl 3 -chlorosilane system. The synthetic applications of the combined InCl 3 -chlorosilane catalyst to various nucleophilic additions and Freidel -Crafts alkylation were also researched. [17] Finally, the enhanced Lewis acidity was confirmed by monitoring the 13 C NMR chemical shifts, of the R-carbon of 1-octanol in the mixture with InX 3 and Me 3 SiX, where X demonstrates halogen [18] .
In a previous work, the combined Lewis acids (Me 3 SiCl and InCl 3 ·4H 2 O) had been proven to be an efficient catalyst for in-situ compatibilization of linear low density polyethylene (LLDPE)/ PS blends at a fixed ratio. The LLDPE/ PS blends possess balanced mechanical properties and no degradation side reactions are observed [19] . In this work, the morphology, mechanical and rheology properties are studied in detail to establish the processing/morphology/property relationships of immiscible polymer blends.
Results and discussion

Rheological behavior
The contribution of the viscous component to the viscoelastic behavior is given by G'' or η*, whereas the elastic behavior is represented by G' [20] . In Figure 1 , the rheological properties of neat LLDPE, PS and their physical blends with 10 wt%, 20 wt% and 30 wt% LLDPE content are shown. It can be seen in Figure 1 , LLDPE has a much higher complex viscosity and modulus than PS, whereas the physical blends with different LLDPE content have medium viscosity and modulus between components. However, the magnitude of viscosity and modulus of physical blends is much nearer to PS than to LLDPE, which is an indication that in these blends, PS forms the continuous phase. The same phenomenon is found in modulus. At low frequencies, G'' is higher than G' at all LLDPE concentration, and G' increases with increasing frequency for the molecules do not get sufficient time to relax. [21] Because dynamic viscoelastic properties are very sensitive to variations in the morphological state of multicomponent/ multiphase polymer systems, valuable information can be obtained about the compatibility and phase separation of polymer blends by testing their dynamic viscoelastic properties, which cannot be obtained by common methods. In the low-frequency range, the dynamic viscoelastic properties are linear with variations in the stress, and the stress on polymer blends under this condition is so small that the morphological state of the polymer blends remains almost unchanged [22] .
In Figure 2 and 3, the rheological properties of physical blends and reactive blends are shown. With the presence of the compatibilizer, which is produced by the in-situ grafting reaction between LLDPE and PS, the blend's viscosity increases over the entire frequency range ( Figure 2 ). This increase is probably due to an enhancement in the interfacial interaction between the two polymers, which is associated with the grafting reaction between LLDPE and the benzene rings of PS. The same phenomenon is also found in other reactive blends between functionalized PP and PA [20, 23] . The increase in G' (Figure 3 ) for reactive blends is also observed. Fang et al. [9] studied PS, POE reactive blends catalysed by AlCl 3 . At low frequency, the same phenomenon was found, and they attributed this increase to the reduction of the interfacial tension and an increase in interfacial adhesion caused by the graft copolymers. At the terminal zone, a second plateau was found, they deemed this second plateau was induced by the formation of some kind of ordered structure, possibly a PS-g-POE copolymer formed by the Friedel-Crafts alkylation reaction initiated by AlCl 3 . In this study, the presence of the second plateau can be seen, although not clearly, may be the experimental frequency is not low enough.
A convenient method to study the compatibility between blend components from rheological data is the plot of logarithm relationship between G' and G'', as depicted by Han et al [24] . According to the linear viscoelastic theory, [25] in the terminal frequency zone (ω→0): log G'∝2 log G''. These relationships in the terminal frequency zone show that the slope of log G' versus log G'' tends to the theoretical value of 2 for compatible polymer blends and polymers with narrow molecular weight distributions (MWDs) [22] . And it was found to be independent of the temperature and molecular weight for monodisperse materials and very sensitive to the molecular weight distribution, as well as to short-chain and long-chain branching [20] . In Table 1 , the slopes of plot log G' versus log G'' for neat LLDPE, PS and their physical and reactive blends are shown. The slopes of neat LLDPE and PS are 1.18 and 1.69 respectively, which are lower than theoretical value of 2, for the MWDs of LLDPE and PS are not monodisperse materials. However, PS has a much higher slope than LLDPE, which is consistent with the molecular weight distribution that PS has a narrower distribution than that of LLDPE (2.49 to 3.75).
Tab. 1. The slope of log G' vs log G'' for neat LLDPE, PS, physical blends and reactive blends. The slopes of physical blends with different LLDPE content have a medium value between LLDPE and PS, with the increase of LLDPE amount, the slope decreases linearly. The addition of combined catalyst causes a decline of slope, relative to physical blend. This means that after reactive blending, the MWDs of LLDPE, PS blends increase. The main reason is that the in-situ formed graft copolymers, which has a much higher molecular weight than pure homopolymers, broadens the MWDs of LLDPE, PS blends.
Morphology
In Figure 4 , the SEM micrographs of the fracture surfaces of physical blends at different LLDPE fractions are shown. The morphology and the properties of immiscible polymer blends depend on a number of factors, e.g., the composition of the mixture, the viscoelastic properties of the components, mixing conditions, and the surface tension at the interface as shown by Han et. al [26, 27] .
It can be seen in Figure 4 , almost all the dispersed domains (LLDPE phase) are spherical in the continuous matrix (PS phase). Moreover, with increasing LLDPE content the average radius of the spherical drops become larger. It's well known that LLDPE, PS are a pair of uncompatible polymers, [6] the high interfacial tension between components causes poor morphology of blends, and makes coalescence of dispersed domains. In Figure 4a , the droplets size is not large because at this weight fraction (10% LLDPE), the volume of dispersed domains are too low to coalesce each other, though the interfacial tension between components is still high. On the other hand, higher LLDPE reaction (Figure 4b and 4c ) results in larger domain size, more than 3 times higher than that of sample with 10 wt% LLDPE in Figure 4a . This is mainly caused by the increased probability of coalescence between dispersed phases, with the increase of LLDPE content. The dispersed phase size can be reduced effectively by the addition of catalyst at all the weight ratios selected, as can be seen in Figure 5 . More detail information can be obtained in Figure 6 and Table 2 The reduction of droplets size with the addition of catalyst can be explained as follows: the in-situ formed graft copolymers which anchored along the interface and interacts with blend components, lead to the decline of the interfacial tension and suppress the subsequent coalescence [28, 29, 30, 31] . As a result, by adding combined catalyst, a more homogeneous morphology is achieved, i.e. an increased compatibility between LLDPE and PS is obtained.
Mechanical properties
As have been discussed from the point of view of morphology and rheology, the reactive blends of LLDPE, PS have more homogeneous morphology than that of physical blends, i.e. the dispersed phase size becomes smaller with the presence of graft copolymers. The higher viscosity and storage modulus in low frequency range prove the existence of graft copolymers. It is not surprising that improved mechanical properties of reactive blends can be obtained with the presence of compatibilizer [32] . In Figure 7 , the tensile strength and Izod impact strength of physical blends and reactive blends with LLDPE content of 10 wt%, 20 wt% and 30 wt% are shown. As expected, the physical blends have a lower tensile strength with the increase of LLDPE content, owing to the low interaction and high interfacial tension between components. However, the izod impact strength increases with the increase of LLDPE content, due to the higher impact strength of LLDPE than that of PS. With the addition of combined catalyst, the in situ formed graft copolymers, which act as compatibilizer, improve the adhesion and diminish the interfacial tension between the components, cause an increase of tensile strength obviously, which is also a certification of increased compatibilization between components [33] . An interesting phenomenon is that in reactive blends, the tensile strength has no obvious decrease with the increase of LLDPE content. At the same time, the izod impact strength increases remarkably, especially for blend with 30 wt% LLDPE, nearly 2 folds higher than that of opposite physical blend. In an immiscible blend, the high degree of phase separation does not allow the energy to travel easily between the components within the system, however, this situation can be changed by the presence of compatibilizer, which appears on the interface, allowing better dispersion of the impact energy [34] . From mechanical properties, the results are consistent with morphological observation. 
Conclusions
With the addition of combined catalyst, a higher complex viscosity and storage modulus are found in the low frequency zone, which is a clue of existence of graft copolymers. The plot of log G' versus log G'' is a straight line with the slope sensitive to the molecular weight distribution of polymers. The results show that the graft copolymers broaden molecular weight distribution of blends. In LLDPE/PS physical blends, the weak interaction between components causes inhomogeneous morphology, leading to the poor mechanical properties. After reactive compatibilization, the in-situ formed graft copolymers anchor at the interface between LLDPE and PS phase, increasing the adhesion between two phases and decreasing dispersed particle size. Thus a more homogeneous morphology is obtained for reactive blends. As a result, the compatibilized blends show higher tensile strength to physical blends, from 10 MPa to more than 20 MPa. Furthermore, with the increase of LLDPE content, the tensile strength of compabilized blends has no obvious decrease. Meanwhile, the Izod impact strength increases for both compatiblized and uncompatibilized blends, but this effect is more obvious for compabilized blends, owing to the improved adhesion and declined interfacial tension between LLDPE and PS.
Experimental part
Materials
The PS used in this study was a commercial grade (GPPS 200D) The agents used here as catalysts are trimethylchlorosilane (Me 3 SiCl, chemically pure) and indium chloride (InCl 3 ·4H 2 O, analytical grade), purchased from Sinopharm Chemical Reagent Co. Ltd. All samples were used without further purification.
Blend process
Blends were prepared in a Haake Rotation Rheometer (about 50-cc capacity) by the melt mixing of the components at a temperature of 180 ºC and at a rotor speed of 50 rpm. The mole ratio of Me 3 SiCl to InCl 3 ·4H 2 O is fixed at 5:1, and the loading of catalyst is based on the weight of InCl 3 ·4H 2 O. Before adding a LLDPE, PS blends with different weight ratio (LLDPE content from 10 to 30 phr) into the mixer, the catalysts were premixed for a while.
Rheology experiments
A parallel plate rheometer (Physica MCR-300) was used to measure the rheological properties of blends. Circular samples with a diameter 25 mm were made by hot pressing at 180 ºC for 5 min. The complex viscosity, the shear storage and loss moduli, G' and G'', were measured in the frequency range from 0.1 to 100 rad·s -1 at a temperature of 190 ºC.
Morphology observation
The morphologies were examined by a field emitting scanning electron microscope (FESEM) at accelerating voltage 15 kV (Xl 30 ESEM FEG scanning electron microscope, FEI company) from cryogenically fractured specimens. Before testing, the samples were cyrofractured in liquid nitrogen and then were coated with a thin film of gold to prevent charging. The values of the number average radii, Rn, were calculated in terms of the radii of at least 500 droplets counted from a micrograph and obtained via image analysis using appropriate software.
Mechanical tests
The specimens used for the tensile and impact tests were press molded at 180 ºC for 5 min (10 MPa) and then kept at room temperature for 3 days before testing. The tensile tests were performed on an Instron 5689 tester using the dog-bone test specimen with a GB/T 1040-1992 standard at room temperature, with a crosshead speed of 10 mm/min. The dimension of the gauge section of the tensile test specimen was 20×4×1mm. The impact tests were carried out with a XJU-22 impact tester (Chengde test machine company) according to GB/T 1843-1996 at room temperature. The dimension of the specimens was 80×10×3 mm. The impact strength was taken to be the area under the force-displacement graph in kilojoules.
